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Shaping Optical Microresonators on the Surface of
Optical Fibers With Negative
Effective Radius Variations

Dmitry V. Krisanov, Alexander S. Nesterok , and Ilya D. Vatnik

Abstract—We examine moderate CO2 laser heating as a method
of forming negative effective radius variations in conventional
optical fiber. Fiber samples were subjected to focused CO2 laser
radiation in the form of 100 ms pulses with power 0.36 to 1.3 W
and thermalization time up to 2.2 s. Fiber temperatures reached
200 to 300 degrees Celsius in each pulse. The temper atures are
significantly smaller than the glass transformation temperature,
which is nearly 1500 °C. We show that short CO2 laser pulses
may introduce negative variations up to 5 nm. The magnitude
of the introduced variation increases roughly linearly for up to
6 pulses, and then fiber saturation is achieved. We reveal that it
is possible to produce optical whispering gallery modes resonators
in low-temperature heating mode and create a triangular-shape
microresonator solely with the negative variations. The negative
variations may also occur in peripheral areas of high-temperature
heated fiber while introducing positive effective radius variations.
To eliminate it, we propose low-temperature fiber annealing before
high-temperature variations introducing. The negative variations
may also be implemented to develop a new independent approach
of shaping optical whispering gallery modes microresonators.

Index Terms—Nanophotonics, optical fibers, optical resonators,
whispering gallery modes.

I. INTRODUCTION

I T IS known that the cladding of the standard telecommunica-
tion fiber can support long-living whispering gallery modes

[1], [2]. Microresonators of such modes (also referred to as
«resonators of surface nanoscale optical photonics» or «SNAP»
[3]) appear to be a promising platform for new types of photonic
microdevices [4], [5]. The attraction of the microresonators is
in the possibility to control the speed of axial propagation of
the whispering gallery modes (WGM) with tiny changes in the
effective radius of the optical fiber: variations distributed along
the axis of the system play the role of one-dimensional potential
wells for wave packets of WGM [6].

Up to date, several methods have been demonstrated for pre-
cise modification of the optical fiber shape. Permanent nanoscale
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positive variations of the fiber’s effective radius can be intro-
duced with CO2 laser heating [7], UV exposure of photosensitive
fibers [8], femtosecond laser modification [9], fiber bending [10].
Using a CO2 or a femtosecond laser to introduce the permanent
variations is considered a conventional technique [11]. Both
techniques present the increment of the effective radius only. At
the same time, some SNAP devices such as a microresonators
chain [12] may be easily manufactured if negative variations
are introduced rather than positive ones. It was noted that the
negative change in the effective radius might follow the positive
one under the influence of sufficiently high-power laser radiation
[13]. However, the practical application of such an approach
is questionable. Recently, etching in the hydrofluoric acid of
the partially uncoated fiber has been proposed as a method
to introduce substantial negative variations [14]. However, the
method based on etching a masked optical fiber sample implies
only rectangular modifications.

Here we reveal that the typical way of creating SNAP devices
with annealing by a CO2 laser may also cause the introduc-
tion of the negative variations in the radius instead of positive
ones. We have found that the negative variations may appear at
temperatures well below the glass transformation temperature.
We show that the proposed regime is suitable for producing
the surface axial nanoscale photonic devices, potentially having
some advantages due to the lower temperature impact on the
sample material.

II. EXPERIMENTAL METHODS AND SETUP

We utilize a setup that is similar to those described in [13]. The
system comprises a 36 W Synrad CO2 laser with an output beam
diameter of 3.5 mm, and an optical shutter with less than 10 ms
opening time. A system of mirrors followed by a plano-convex
cylindrical Zn-Se lens that focuses the laser radiation on the
surface of a fiber. The fiber sample is moved along its axis using
a linear positioner with a minimum step of 2.5 μm (see Fig. 1).
Given the focal length of 2.5 cm, the estimated waist diameter
of the laser beam after the lens was 50 μm with the Rayleigh
length of the order of 1 mm.

The utilizing of the optical shutter ensures that the heating
occurs in a controllable manner and at a small-time scale. The
shutter allows forming a short pulse of a well reproducible
duration of 100 ms. Then one can determine the introduced
value of the effective radius variation by the number of pulses
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Fig. 1. Experimental setup of irradiation of the microresonator based on
optical fiber with CO2 laser.

applied to the point of the sample. The pulse period was 1.5 s
to ensure that the sample thermalizes between the pulses. The
use of short optical pulses instead of continuous-wave radiation
provides a well-reproducible temperature profile in the impact
region. Moreover, it makes the modification area more confined,
as thermal diffusion plays a lesser role.

As the samples, we used the standard Corning SMF-28
telecommunication optical fiber with a cladding diameter of
125 μm. To prepare the microresonator sample, we removed
the secondary plastic cladding using a thermal stripper. Then
the cleaned surface was treated with ethylene glycol.

We estimate the temperatures reached during the modification
process using a one-dimensional heat transfer equation [15]:
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where:
k quartz glass thermal conductivity;
cp heat capacity;
ρ density;
T, sample temperature;
T0 environment temperature;
h heat transfer constant;
σ Stefan-Boltzmann constant;
ωx, ωy transverse dimensions of the laser spot in the focal

plane;
r sample radius;
P total power of the laser radiation.

The first term on the right-hand side of this equation is
responsible for heat transfer along the fiber. The second term
characterizes the convective heat exchange of the sample with
the environment, the third term considers the radiation losses,
and the fourth term is the heat source from the laser beam.

Fig. 2. (a) A typical pristine sample transmission spectrum. (b) Transmission
spectra at the different points along the pristine sample. (c) The same for the
sample after irradiation with single laser pulses of 0.1 s duration with different
powers. (d) The introduced negative variations of the effective radius.

To measure the introduced variations of the effective radius,
we use a conventional technique of measuring the spectra of
the whispering gallery modes at the different points along the
fiber [16]. For this, a thin tapered optical fiber (taper) with a
waist diameter of few microns is used to excite the WGM in
the optical fiber sample. The transmission spectrum through the
taper comprises a plenty of resonances, each corresponding to
the different axial, azimuthal, and radial modes, with a typical
Q-factor of 105÷6 (Fig. 2(a)). As the free spectral range for
axial numbers is much smaller than for azimuthal numbers, it’s
possible to designate a single azimuthal series of axial numbers
in the spectrum. Within this series, the spectral position λ(z) of
the mode with the smallest axial number varies with the effective
radius variations as

Δλ (z) = λ
Δreff (z)

r
n, (2)

where n is the refractive index.
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Fig. 3. The effective radius variation introduced at the different points of the
sample with the different number of pulses. From left to right – from 1 to 12
pulses. The laser power is 0.72 W.

III. RESULTS AND DISCUSSION

We have found that for the specific parameters of the mod-
ification process, the effective radius does decrease instead of
increasing. To demonstrate this, we subject the sample of the
microresonator to a single 100 ms pulse of focused CO2 radiation
with four different powers – 0.36,0.72,1.11.3 W at the different
points of the sample distant from each other for 1 mm. We have
measured the spectra of WGM before and after modification
and found that heating has decreased the fiber effective radius.
According to Fig. 2(b), the maximum resonant wavelength
differs in different points even for unmodified fiber, forming
initial radius variation up to 1 nm.

Whereas irradiation with a power of 0.4 W did not lead to
distinguishable changes in the effective radius, higher powers
led to a dip in the effective radius axial profile.

We estimated the temperatures achieved with such a short
radiation impact as 200-300 °C, which is significantly lower than
the transformation temperature of silica glass. We suppose that
the effect may correspond to a decrease of the refractive index.
Indeed, it was noticed that with moderate heating below transfor-
mation temperature with subsequent rapid cooling, the refractive
index of glasses could slightly reduce [17]. So, this mechanism
differs from previously described inducing the positive effective
radius variation [13] with the release of the frozen tensions.

We then have checked the scalability of the introduced vari-
ation with several impulses applied to the same point of the
sample. We set the power to 0.72 W; the optical shutter was
opened for 0.1 seconds with time between consequent pulses
of 2.2 seconds. We applied from 1 to 12 pulses in different
points at 1 mm from each other and then calculate introduced
modifications depth as the difference between the axial profiles
of the pristine effective radius variation Δreff (z) the and the
modified samples.

We found that the value of the introduced variation increases
roughly linearly for up to 5 pulses, after which it reaches the
value of approximately 2.5 nm and does not increase any more,
demonstrating the saturation (see Fig. 3).

Despite the overall saturation, there are slight deviations of
the introduced Δreff (z) for the many-pulse modifications (right

Fig. 4. (a) Transmission spectra for a WGM microresonator with uniform
shape obtained due to saturation. (b) Transmission spectra for a microresonator
with linearly increasing effective radius made solely with negative variations.

part of Fig. 3). That occurs as the laser power fluctuates by 1%
with a typical time of a minute. That, in turn, means that different
modifications are created at the slightly different laser powers
and possess different saturation levels.

The saturation of the introduced variations can be utilized to
obtain modifications with the uniform shape. Indeed, to repro-
duce this type of axial profile, it is sufficient to apply a large
enough number of pulses to the required section of the fiber
sample. To demonstrate this, we apply 20 pulses each 60 μm
of the sample at the laser power of 1 W and obtain a SNAP
resonator with part of almost uniform shape (see Fig. 4(a)).

The linear part of the dependence, presented in Fig. 3, may
be utilized for controllable modification of the SNAP device. To
demonstrate these capabilities, we made a sample that has a part
with the linearly growing effective radius solely with negative
variations. To demonstrate this, we recorded a modification of a
triangular-shaped fiber sample. It consists of 19 points located
along the axis of the microresonator every 100 μm., we exposed
the first and the last five modification points to 15 laser impulses
to separate the place of the recorded modification from the rest
of the sample. The triangular modification itself consists of nine
points, at which the optical shutter opened from 10 times at
the lowest point to 1 time at the top. We entirely produced the
modification at a laser power of 1.3 W, the shutter opening time
was 100 ms, and the thermalization time after each opening was
2200 ms. The resulted modification does have a part with linearly
increasing variation, showing the fundamental suitability of
reducing the effective radius to create SNAP microresonators
with arbitrary shapes.

It should also be noted that the negative variations of the
effective radius also occur in the high-temperature regime,
which is used to introduce the positive variations. When the
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Fig. 5. (a) Transmission spectra for the microresonator treated with
continuous-wave laser beam slightly below the threshold power for the posi-
tive variations (with temperatures below transformation temperature). (b) The
spectra for the sample treated with laser with the higher power leading to the
temperatures above the transformation temperature.

sample is heated to high temperatures, some peripherally heated
regions always have temperatures lower than the transformation
one. Depending on the pulse duration, laser beam parameters,
the fiber radius, this peripheral area may be smaller or larger
than the central spot subjected to the positive variations. To
demonstrate the presence of both areas with both negative and
positive variations, we made a modification with the continuous
irradiation with the laser power slightly lower and higher than
the threshold of positive variations of 3 W that we defined above.
The stages slowly moved the sample under the laser beam, which
irradiates an area of 1 mm. For high enough irradiation intensity,
we observed that the positive variation follows the negative
(compare Fig. 5(a) and Fig. 5(b)). Note that the part of the mi-
croresonator with high-temperature treatment that experienced
positive variations demonstrates the Fano-type resonances when
exciting the whispering gallery modes [18]. That may occur due
to changing the surface properties with high-intensity irradiation
with ablation [15].

The coexistence of both the negative and the positive varia-
tions requires preparing a fiber sample to introduce the positive
variations without side effects. To do this, one should prelim-
inarily anneal it with moderate-intensity irradiation to saturate
all the possible negative variations in the whole sample. This
method also increases the surface quality [15].

IV. CONCLUSION

We demonstrated here that CO2 laser irradiance may de-
crease the effective radius of the optical fiber cladding sup-
porting the whispering gallery modes. The effect appears if the

sample is heated to temperatures well below the transformation
temperature, estimated with a numerical model to be around
300 °C. We have shown that there is a maximum achievable
value of the negative variation of the radius given a particular
heating/cooling regime. The minimum and the maximum values
of the introduced variation achieved in the experiments were
0.6-5 nm, respectively.

We have shown the method’s feasibility by creating the SNAP
microresonator that possesses a region with the linearly grow-
ing effective radius variation. Thus, the effect of the negative
variations should be considered when introducing the variations
using other heating techniques and can also be utilized as the
independent method to shape the SNAP devices.
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